ABSTRACT
I
n the setting of acute ischemic stroke, revascularization therapies are administered with the intent of salvaging ischemic penumbra by restoring antegrade flow. 1 Even though conventional angiography is considered the gold standard for collateral circulation assessment, CT angiography is increasingly used in triaging patients with acute stroke. 2 Growing evidence underscores the importance of the collateral circulation in maintaining the penumbra and predicting radiological and clinical response to revascularization. 3, 4 Good CTA collaterals independently predict good outcome in acute ischemic stroke 1,2 and correlate with smaller admission infarct size. 5 CTA collateral scoring demonstrates good interrater reliability 2, [6] [7] [8] ; is widely available, including after-hours; and has the advantage of not requiring advanced postprocessing, which is subject to a host of technical differences. 9 The best means of accurate collateral assessment is debated 1, [10] [11] [12] [13] ; however, irrespective of the method of assessment, collateral status significantly predicts clinical outcome and risk of infarct. 2, 14, 15 Limitations of collateral evaluation are that vessel opacification is time-and ac-quisition speed-dependent, indicating the need for time-invariant CTA imaging. 10, 11 Additionally, the tissue perfusion status is not directly imaged in contradistinction to CT perfusion, in which penumbral prediction is well-studied. 16 A recent study suggested that a good clinical outcome could only be achieved in the presence of recanalization and good-tointermediate collateral status. No effect was seen in patients without recanalization. Furthermore, the effect of other comorbid clinical (blood pressure, glycemic status, presence of vascular risk factors, and so forth) or radiological features (clot burden score [CBS] , clot location, hemorrhagic transformation [HT]) was not considered in outcome determination. 13 The relationship of collateral status and these other imaging and clinical stroke predictors, independent of recanalization status, for major outcomes is also not well-established in large acute stroke populations. Emphasis on collateral status has increased due to its recent inclusion in patient selection for endovascular treatment 17 ; however, the added predictive value of collateral score (CS) over perfusion imaging assessment of total ischemia is not well-studied. We hypothesized that for a given recanalization status in the absence of perfusion availability, collateral determination significantly predicts baseline stroke severity (quantified by the baseline National Institutes of Health Stroke Scale score [bNIHSS] ) and clinical (hemorrhagic transformation, 90-day modified Rankin Scale score of Ͼ 2) and radiological outcomes (final infarct volume). In the present study, we also sought to quantify the added value of a CS over CTP-estimated total ischemic volume (TIV). The added contribution was assessed independent of recanalization status and accounted for additional important clinical and imaging covariates in multivariate models.
MATERIALS AND METHODS

Study Design and Patient Cohort
The study and medical chart review were approved by the local research ethics board. Consent was obtained from all patients or legal guardians for participation. We performed a retrospective review of 395 consecutive patients (from a prospectively maintained stroke data base) presenting between 2009 and 2013 with a confirmed anterior circulation stroke diagnosed and treated with IV rtPA by a stroke neurologist within 4.5 hours of onset. Included patients demonstrated a confirmed vessel occlusion on admission stroke work-up, including noncontrast CT, CT angiogram, and CT perfusion. Recanalization was determined on CTA performed at Յ24 hours, while follow-up MR imaging or CT at 5-7 days was used for final infarct assessment. Clinical history, laboratory results, demographics, stroke risk factors, and NIHSS score were collected for all patients by medical chart review. Time to CT was calculated as the time interval between symptom onset (last seen normal for patients with nonwitnessed symptom onset) and the time to arrival in the emergency department CT scanner. A follow-up modified Rankin Scale score was obtained in the stroke prevention clinic at 90 days, with a score of Ͼ2 defining a poor outcome.
Imaging Acquisition Protocol and Image Postprocessing
CT stroke protocol was performed on a 64 -detector row CT scanner (LightSpeed VCT; GE Healthcare, Milwaukee, Wisconsin). Pre-and postcontrast head CT parameters were as follows: 120 kV(peak); 300 mA; rotation, 1 second; section thickness, 5 mm. Baseline and 24-hour CT angiogram parameters were as follows: 0.7-mL/kg of iodinated contrast agent up to a maximum of 90 mL (iohexol, Omnipaque 300 mg iodine/mL; GE Healthcare, Piscataway, New Jersey); 5-to 10-second delay; 120 kVp; 270 mA; rotation, 1 second; 1.25-mm-thick sections; table speed, 20.62 mm per rotation. Biphasic CT perfusion protocol from the basal ganglia to the lateral ventricles was the following: 80 kVp; 150 mA; collimation, 8 ϫ 5 mm; rotation, 1 second for 45 seconds followed by 6 further acquisitions 15 seconds apart for a total of 135 seconds. Iodinated contrast agent of 0.5 mL/kg (maximum, 50 mL) at 4 mL/s was administered 5 seconds before start of the sequence. Cerebral blood flow, cerebral blood volume, and mean transit time were calculated as previously described by using a delay-corrected algorithm commercially available on CT Perfusion 4 (GE Healthcare).
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Image Analysis
All baseline and follow-up imaging assessments were performed separately by the same neuroradiologist (R.I.A., 10 years of experience) blinded to imaging and clinical outcomes. Baseline imaging features included ASPECTS, clot location, clot burden score, and CS. The occlusion site was considered "proximal" if involving the ICA and proximal M1 MCA segment, whereas clot distal to this was considered "distal." Recanalization status was graded on follow-up CTA by evaluating the restoration of patency of the previously occluded vessel by using the adapted Thrombolysis in Myocardial Infarction score, in which a score of Ն2 was considered recanalizationpositive (Rϩ). 19 Collateral flow was graded on a 0 -3 scale.
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Scores of 0 and 1 (Ͻ50% of ischemic territory demonstrate collaterals) were considered poor collateral status, whereas scores of Ն2 were assigned a good collateral status. The CBS is a scoring system that defines anterior circulation thrombus extent scored on a scale of 0 -10 by using CTA. Two points are subtracted for thrombus in each of the supraclinoid ICAs and the proximal and distal half of the MCA trunk. One point is subtracted for thrombus in each of the infraclinoid ICAs or anterior cerebral artery and each affected M2 MCA branch (to a maximum of 2). A score of 10 connotes clot absence, while zero represents complete multisegment vessel occlusion. 15 CT perfusion source images were normalized to Montreal Neurological Institute space and segmented into gray and white matter by using SPM8 software (http://www.fil.ion.ucl.ac.uk/ spm/software/spm8). Within the ischemic hemisphere, volumes of core, penumbra proceeding to infarction and benign oligemia were calculated by using previously published institution-validated thresholds for GM and WM. 20 Absolute CBF (milliliters/ 100 g/min) defined the GM/WM core and GM/WM benign oligemia was defined as Յ13.8/9.8 and Ն21.4/14.1, respectively. GM/WM penumbra proceeding to infarction was represented by Ͼ13.8 to Ͻ21.4/Ͼ9.8 to Ͻ14.1, respectively, while GM/WM benign oligemia was Ͼ21.4/ 14.1, respectively. 20 TIV represents the sum of all thresholded ischemic regions above. Final infarct was traced on follow-up imaging, with either NCCT if clearly delineated or FLAIR MR imaging by using Medical Image Processing, Analysis, and Visualization (Version 7.0.2; National Institutes of Health, Bethesda, Maryland).
Statistical Analyses
Continuous scaled demographic data were expressed as mean Ϯ SD, whereas discrete data were expressed as median and interquartile range. Frequency data were expressed as proportions. Natural log-transformation was applied if appropriate to some continuous variables to normalize their distribution. Patients were divided into 4 groups according to recanalization and collateral status; groups A and B were recanalization-negative (RϪ) and collateral-negative and -positive, respectively, whereas groups C and D were Rϩ and collateral-negative and -positive, respectively. A Bonferroni-adjusted P value Ͻ .0125 was considered statistically significant after controlling for multiple comparisons and adjusting for rtPA status, by using general linear regression for continuous variables and logistic regression for binary variables. The outcome was each demographic or clinical variable; the independent variable was a categorical variable of "group" with rtPA as a confounding factor. The interaction term "rtPA ϫ group" was also inserted; however, no significant interaction was demonstrated, suggesting that rtPA treatment effects are not additive to the significant group effects, permitting inclusion of patients treated both with and without rtPA within each group. Uniand multivariate logistic analyses were performed for each group comparison, with the predefined outcomes of bNIHSS, hemorrhagic transformation, final infarct size, and 90-day modified Rankin Scale, after adjusting for rtPA and collateral status as confounding factors. For each independent predictor odds ratio, 95% CI was calculated. Only factors with P Ͻ .10 in univariate analysis were advanced into a multivariate analysis with backward stepwise selection. TIV/CS collinearity was tested by using a variance inflation factor for all outcomes. After establishing no collinearity (variance inflation factor of Ͻ2), the added benefit of CS over CTP-derived TIV was tested. Each of 2 null-nested models was compared by using an F-test or a likelihood ratio test for continuous or binary outcomes. Null models included either collaterals or TIV, while the alternative model included both collaterals and TIV. The likelihood ratio test statistic was determined by Ϫ2 log-likelihood for the null model and ϩ2 log-likelihood for the alternative model, assuming a 2 distribution. Degrees of freedom were the difference between the number of parameters of the alternative model and the null model. SAS (Version 9.2; SAS Institute, Cary, North Carolina) was used for all analyses, and a P value Ͻ .05 was considered significant.
RESULTS
The average patient age was 72 Ϯ 14 years with 198 (50.1%) women. Median (interquartile range) ASPECTS and baseline NIHSS score were 7 (6 -9) and 14 (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) No significant group differences in rtPA use were present on the basis of baseline thresholded ischemic penumbra or core size, though patients receiving rtPA were treated earlier and tended toward higher baseline NIHSS, more proximal clot location, and smaller final infarct size than those receiving supportive medical care. The absence of collaterals was associated with larger total GM/WM ischemic volumes, including infarct core irrespective of recanalization status (On-line Table  1 ). Significant group interaction with rtPA was present for all outcome measures except hemorrhagic transformation, which just missed significance (P ϭ .0178). All outcome measures were significantly worse in the absence of collaterals, irrespective of recanalization status, with the exception of hemorrhage, which did not meet statistical significance (On-line Table 1 ). In Rϩ, however, there was no significant difference in dichotomized mRS, though the median mRS score was significantly lower in the presence of collaterals.
Outcome Assessment and Added Value of CS Assessment over CTP
Baseline Stroke Severity. Poor collateral circulation, greater clot burden (lower CBS), and TIV were significantly related to bNIHSS, irrespective of recanalization status on uni-and multivariate analyses (On-line Tables 2 and 3 ). Age remained significant on multivariate analysis for patients who were Rϩ only (P Ͻ .0051). If one considered confounders, collateral absence remained significantly related to bNIHSS. There was no significant interaction between CS and other predictive factors. TIV accounted for 33.3% of bNIHSS severity compared with 27.5% by using CS only (27.5%; P ϭ .0019). The highest R 2 was achieved when both CS and CTP-derived TIV were included (36.5%) (Online Table 3 ).
Hemorrhagic Transformation. HT risk was not related to rtPA or collateral status in patients who were RϪ (On-line Table 2 ). In patients who were Rϩ but not RϪ, collateral status was a significant predictor of HT (On-line Table 2 ). In multivariate analysis, collateral presence (OR, 0.36; 95% CI, 0.14 -0.88; P ϭ .0284) was inversely related to HT risk in patients who were RϪ, while proximal clot location (OR, 2.22; 95% CI, 1.21-4.12; P ϭ .0102) and hyperglycemia (OR, 3.07; 95% CI, 1.45-6.70; P ϭ .0039) were positively related to HT in patients who were Rϩ (On-line Table 3 ). In contradistinction to CS, TIV was significantly associated with HT in patients who were RϪ but not in those who were Rϩ. No significant model differences were seen in patients who were RϪ, in whom CS and TIV accounted for between 5.7% and 7.3% of HT variability, respectively; however in patients who were Rϩ, CS contributed significantly to a model including TIV, accounting for 11.3% of HT variability (On-line Table 4 ). Table 3 ).
Final Infarct Size. The absence of collaterals was strongly associated with larger infarct size irrespective of recanalization status (P Ͻ .0006 and P ϭ .0001). In patients who were RϪ and Rϩ, collateral absence (P ϭ .0005, P ϭ .0026) and lower CBS (P ϭ .0028, P ϭ .002), respectively, were strongly associated with larger infarct size (On-line Table  2 ). Patients who were Rϩ receiving rtPA (P ϭ .0276) demonstrated smaller infarcts. For patients who were RϪ, CS contributed little to overall infarct prediction in the presence of TIV assessment, but a model including both CS and TIV accounted for greater variability than CS alone (28% versus 16.5%; P ϭ .005, respectively). For patients who were Rϩ, CS significantly improved a model of only TIV and accounted for 16.9% variability for infarct volume (On-line Table 3 ).
DISCUSSION
Our study demonstrates that collaterals are important for all measured outcomes irrespective of recanalization. However, the magnitude of the added benefit of CS over TIV assessment is dependent on recanalization status, and in many cases, CS and TIV are complementary. The greatest benefit of collaterals occurs in the absence of recanalization, in which collaterals contribute to 16.5% of the variability of final infarct size and 19.2% of the likelihood of mRS Ͼ2 but not to the risk of HT. Our results, therefore, extend the findings of a recent study demonstrating effect modification of collaterals in patients who were Rϩ but not RϪ. 13 Notably, CS adds benefit over TIV for prediction of mRS Ͼ2, but a combination of both TIV and CS is superior to CS alone for both mRS Ͼ2 and final infarct prediction, accounting for 24% and 28% of outcome variability, respectively. In patients who were Rϩ, a model including both CS and TIV was superior to that with TIV alone for prediction of HT and final infarct. The variability associated with these outcomes was more muted compared with patients who were RϪ and accounted for 11.3% and 16.9% of the model's prediction of HT and final infarct size, respectively, in Rϩ patients. An inverse association between collateral presence and mRS Ͼ2 was demonstrated in patients with Rϩ and RϪ status but was most significant in the absence of recanalization. Most important, the proportion of patients of mRS Ͼ2 in patients who were RϪ with good collaterals was similar to that of patients who were collateral-negative and Rϩ, reinforcing the importance of both recanalization and collaterals in avoiding futile recanalization. 21, 22 The findings underscore the utility of collateral assessment in predicting outcome irrespective of final recanalization status, consistent with findings of others. 2, 4 Preserved collaterals irrespective of recanalization status were associated with reduced baseline ischemic tissue (including baseline infarct core) and smaller final infarct volume, contributing to a better outcome (Fig 1) . The findings are consistent with prior studies emphasizing the role of collaterals in preserving penumbral viability by minimizing ischemic injury severity and maintaining tissue perfusion. 2, 4, [23] [24] [25] In the present series, no significant difference in HT frequency was present in the absence of recanalization irrespective of collateral status. Patients who were Rϩ without collaterals were more likely to undergo HT than those with collaterals. Although recanalization contributes significantly to better outcome in stroke series, our results emphasize that recanalization in the absence of collaterals may have significant adverse outcomes, such as increased HT following restoration of blood flow to nonviable tissue and damaged vasculature. 26 This finding is in agreement with IV rtPA and endovascular therapy studies, in which poor collateral status was associated with higher rates of HT. 7, 23 The frequency of poor collaterals in the present series (11% and 30% in patients who were RϪ and Rϩ, respectively) is similar to that of other series 2, 7, 24 ; this similarity indicates that most patients with acute ischemic stroke manifest collateral preservation at baseline and are eligible for recanalization therapy. CBS Ͻ6 (reflecting larger and usually more proximal clot) was independently associated with greater bNIHSS and infarct volumes, irrespective of recanalization and collateral status. 27 Increased clot burden (low CBS) was also associated with a higher risk of HT (Fig 2) . Collateral status is critically dependent on the level and magnitude of clot burden. More proximal clot is associated with larger baseline infarct core and penumbral tissue volumes. These appearances are mediated by a combination of reduced/delayed proximal clot lysis, reduced collateral pathway availability, and cerebral hypoperfusion, provoking profound ischemia inconsistent with viable tissue. [27] [28] [29] Indeed Saqqur et al 30 demonstrated that patients with more distal clot were twice as likely to have a favorable clinical outcome as patients with more proximal occlusions. Hence, careful evaluation of collateral status should be made in patients with lower CBS before aggressive recanalization strategies. We considered the role of collaterals in bNIHSS. Clinical deficit in the hyperacute phase reflects the size of both the infarcted and penumbral zones, whereas early NCCT findings reflect only infarcted tissue. An NIHSS/CT mismatch, therefore, represents salvageable brain 31 and indicates a risk of early neurologic deterioration. 32 We demonstrated that age, clot location, and collaterals were independently associated with stroke severity (On-line Table 2 ); younger patients with good collateral circulation and distal clot are more likely to have a good outcome. Hyperglycemia was associated with a higher risk of hemorrhagic transformation in patients who were recanalization-positive. Studies evaluating outcome in patients with diabetes and acute stroke have been contradictory. In one study of patients with diabetes and acute ischemic stroke treated with IV-rtPA, baseline glucose and diabetes were independent predictors of intracranial hemorrhage. 33 However more recent studies have refuted the association between diabetes and intracranial bleed, 34 rather suggesting that hyperglycemia itself accelerates vascular injury in the ischemic area through biochemical changes in the endothelium and by hampering fibrinolysis. 35, 36 A limitation of the present study in view of recent endovascular study results is that none of the patients in the present series underwent mechanical or intra-arterial thrombolysis. Therefore, results are limited to those receiving IV rtPA only. In the present series, a consistent characterization of recanalization was performed at around 24 hours for all patients, thereby attenuating any systematic bias that may have been introduced. However, this approach would not distinguish between early and late recanalizers. Nevertheless the expected findings of reduced infarct size and better outcome in the context of recanalization support our definition as clinically relevant.
CONCLUSIONS
Collateral circulation is an independent predictor of bNIHSS, final infarct volume, hemorrhagic transformation, and mRS Ͼ2. The extent of significance varies between patients who are recanalization-negative and -positive, with the greatest impact in those without recanalization. TIV assessment is complementary to CS in many cases. 
